meso carbon atom at the cleavage site, which is removed by canonical heme oxygenases. The novel tetrapyrrole product of MhuD, termed "mycobilin", has an aldehyde group at the cleavage site and a carbonyl group either at the β-or δ-meso position. Consequently, MhuD catalysis does not involve verdoheme, the key intermediate of ring cleavage by canonical heme oxygenase enzymes. Ruffled heme is apparently responsible for the heme degradation mechanism unique to MhuD. In addition, MhuD heme degradation without CO liberation is biologically significant as one of the signals of M. tuberculosis transition to dormancy is mediated by the production of host CO.
Biological degradation of heme (iron-protoporphyrin IX, Fig. 1 ) plays a variety of crucial functions in living organisms (1, 2) . In mammals, an enzyme termed heme oxygenase (HO) Footnote 2 catalyzes regiospecific conversion of heme into biliverdin IXα (Fig. 1) , carbon monoxide (CO) and a free ferrous iron by three successive oxygenation reactions (3) (4) (5) (6) .
The HO-type enzymes have been also identified in some pathogenic bacteria where heme degradation is employed to acquire iron, an essential nutrient required for survival and infection, from host heme molecules to circumvent the low concentration of free extracellular iron (7) (8) (9) . Until recently, the HO family were thought to be the only heme degrading enzymes, however a novel family of enzymes with heme degrading capabilities has been identified in Staphylococcus aureus (10) . S. aureus IsdG and IsdI are part of a heme-uptake pathway called the iron-regulated surface determinant system (Isd system) (11) . These two highly homologous proteins (78% sequence similarity) exhibit significant heme degrading activity (10) . The structures of the IsdG and IsdI enzymes are distinct from those of the HO-type enzymes as expected from their low sequence similarity (Figs. 2A-C) (12) .
One of the most striking structural features of the IsdG-type enzyme is the severe distortion of heme planarity, best described as ruffled, in contrast to planar heme observed bound to HO (12, 13) . Heme ruffling should have significant effects on the IsdG catalysis, because enzyme-bound heme activates molecular oxygen for self-decomposition as established for canonical HO reactions.
Actually, heme distortion is shown to contribute markedly to IsdI enzyme activity (14) . It is also reported that S. aureus IsdG and IsdI produce a non-biliverdin chromophore called staphylobilin (Fig. 1) . Staphylobilin is different from biliverdin with respect to the site of ring cleavage (β-or δ-meso cleavage rather than α-meso cleavage in biliverdin) and additional oxidation of the meso-carbon at the opposite side to have a δ-or β-meso carbonyl group (13) . These observations propose unique oxygen activation chemistry for IsdG; however, literally no mechanistic information is available thus far.
Functional IsdG-family enzymes have been also identified in S. lugdunensis, Bacillus anthracis, Bradyrhizobium japonicum and Mycobacterium tuberculosis (15) (16) (17) (18) . Among them, the M. tuberculosis enzyme, MhuD (mycobacterial heme utilization, degrader), has a unique structural feature in spite of relatively high sequence similarity with S. aureus IsdG and IsdI (46% and 43%, respectively). MhuD but not other IsdG-type enzymes can accommodate two molecules of heme in its active site (heme-I and -II in Fig. 2D ), while the diheme complex of MhuD is inactive (16) . An active form is the 1:1 complex of heme-MhuD (monoheme-MhuD) whose crystal structure is not available.
Here, we have examined the active site structure of monoheme-MhuD by spectroscopic and mutagenesis techniques to show axial ligation of His75 and significant heme ruffling. Product analysis of MhuD heme degradation indicates a novel chromophore termed mycobilin, which retains the α-meso carbon at the ring cleavage site as an aldehyde group. As expected from the mycobilin structure the MhuD catalysis does not release CO. To the best of our knowledge, this is the first report for enzymatic heme degradation without CO formation, and predicts a unique mechanism for MhuD-mediated heme degradation.
EXPERIMENTAL PROCEDURES
Materials-18 O 2 , H 2 18 O, Na 15 NO 2 and NADPH were obtained from Spectra Gases, Taiyo Nippon Sanso, Cambridge Isotope Laboratories and Oriental Yeast, respectively. Other chemicals obtained from Wako and Aldrich were used without further purification. A H64L variant of sperm whale myoglobin, cytochrome P-450 reductase and rat HO-1 were prepared as described elsewhere (19) (20) (21) .
Other proteins were purchased from Sigma (catalase and superoxide dismutase) and Wako (BSA).
Preparation of MhuD-Expression and purification of the MhuD protein was performed as described earlier with slight modification (16) . A monoheme-MhuD complex was prepared by incubating the purified protein with 1.2 molar excess of hemin at 4°C for 12 h. The excess hemin was removed with an anion exchange column (DE52, Whatman) equilibrated with 0.1 M potassium phosphate buffer, pH 7.0 and 350 mM NaCl.
Resonance Raman spectraFerrous monoheme-MhuD in 0.1 M HEPES pH 7.0 was prepared in an anaerobic glove box (MBraun, UNIlab).
A 100 µM solution of ferric monoheme-MhuD was sealed in a rotating cell after reduction by sodium dithionite (22) . The CO-bound forms were prepared by injecting either 12 (23) . EPR spectra were obtained by a Bruker ESP-380 spectrometer in the CW mode operating at 9.53 GHz. An Oxford liquid helium flow cryostat was used for cryogenic measurements.
The microwave frequency was monitored by a frequency counter (Anritsu MF241213), and the magnetic flux density was determined by a gauss meter (Bruker ER-035 M).
Heme degradation-Heme degradation was performed at 37°C in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl. The reaction solution typically contained 15 µM monoheme-MhuD, 90 µM NADPH, 3 mM desferal, 0.25 µM CPR, 50 U/ml superoxide dismutase, 250 U/ml catalase, and 20 µM BSA. Absorption spectral change during the reaction was observed by an Agilent 8453 spectrophotometer.
A saturated solution of guanidine hydrochloride (~8 M) was added to the reaction mixture of the heme degradation (1:2 ratio) for efficient extraction of pigments from the proteins. Solid phase extraction of the reaction products was performed with Supelclean LC-18 columns (Supelco). The sample bound to the column was washed by 20% methanol/80% water (v/v) and was eluted with methanol. The effluents were analyzed on a Shimadzu LC-10 HPLC system equipped with a Tosoh ODS-80T m reverse phase column (4.6 × 150 mm) using a linear gradient from 50% methanol/50% 0.1 M ammonium acetate (v/v) to 80% methanol (v/v) over 60 min at a flow rate of 0.5 mL/min. The eluate was monitored using a Shimadzu photodiode array detector (SPD-M20A). ESI-MS spectra in positive ion mode were measured on a Bruker micrOTOF-Q-II mass spectrometer.
Data acquisition and analyses were performed using the micrOTOFcontrol software, and the instrument was calibrated with sodium formate.
Measurements by direct infusion at 3 µL/min were carried out with following optimized settings: end plate offset, -500 V; capillary, -4500 V; nebulizer gas, 0.4 bar; dry gas, 4.0 L/min; dry gas temperature, 180°C. LC-MS was conducted using an Agilent 1260 HPLC system with higher nebulizer gas pressure (1.6 bar) and a dry gas flow rate (8.0 L/min). LC separation with an Agilent Extend-C18 reverse phase column (2.1 × 150 mm) was performed using a linear gradient from 50% methanol/50% 10 mM ammonium acetate (v/v) to 65% methanol (v/v) over 10 min at a flow rate of 0.2 mL/min. Labeling experiments with 18 O 2 were carried out in the glove box by injecting 18 O 2 to anaerobic enzyme solutions. Presence of water-exchangeable oxygen was examined by incubating purified mycobilins in H 2 18 O. Detection of CO produced by heme degradation-A sealed cuvette was filled with the reaction solution for MhuD or rat HO-1. After the heme degradation reaction, all the contents were reduced by injection of 1 mM sodium dithionite to record the baseline. Ferrous H64L Mb was added to trap CO in the reaction mixture, and then, the absorption spectrum of the Mb mutant was measured. The same experiment was also performed before the heme degradation in order to obtain the Mb spectrum without CO. Subtraction of these two spectra gave a difference spectrum of H64L Mb caused by generation of CO-bound H64L Mb so as to quantitate the amount of CO generated by the enzymatic reactions.
Large scale preparation of mycobilins and NMR spectra-Large scale preparation of mycobilins was carried out in 50 mM MES buffer, pH 6.0. The reaction mixture contained 50 µM monoheme-MhuD, 290 U/L catalase, 2.5 mM deferoxamine mesylate and 25 mM sodium ascorbate. After 45 min incubation at 37°C, the heme degradation was terminated by adding HCl. The crude sample obtained by the CH 2 Cl 2 extraction was pre-purified on a reverse phase TLC plate (Merck RP-18) running with methanol. Recovery of a purple band was followed by purification with the Shimadzu HPLC equipped with an FRC-10A fraction collector. Each of the isolated products was dried up and re-dissolved in methanol-d 4 (Merck, 99.8 atom % 2 H). NMR spectra of the purified mycobilins were measured at 27°C using a Bruker Avance III 600 spectrometer with a CryoProbe ATM. Chemical shifts were referenced internally to methanol-d 4 . One dimensional spectra were obtained using a water presaturation method (pulse sequence zgpr). Two dimensional spectra including COSY, NOESY, HSQC and HMBC were measured using standard methods (cosygpppgf, noesyphpr, hsqcetgpsisp2.2 and hmbcgplndprqf) provided by TopSpin software (Bruker). A mixing time for NOESY was set to 0.8 ms.
RESULTS
Active site structure-The active site structural characteristics of monoheme-MhuD were examined by spectroscopic measurements to assess its structural similarity in heme coordination and ruffling to IsdG and IsdI. Resonance Raman spectra of the CO-bound ferrous monoheme complexes are shown in Fig. 3 . In the high frequency region, an isotope sensitive signal is seen at 1928 cm -1 for the 12 C 16 O-bound form (1883 cm -1 for the 13 C 16 O complex) that is assignable as the C-O stretching mode. CO isotope sensitive lines assignable to the Fe-C stretching and Fe-C-O bending modes are respectively observed at 527 and 588 cm -1 (523 and 567 cm -1 for the 13 C 16 O complex) in the low frequency region. The frequencies of the Fe-CO and C-O stretching modes normally show an inverse correlation which is sensitive to nature of the heme axial ligand (24) . The data point for monoheme-MhuD is close to a correlation line for hemes with an imidazole ligand (Fig. 3B) , suggesting axial coordination of His. Further support for the His ligation was provided by the resonance Raman spectrum of ferrous monoheme-MhuD (Fig. 3C) . A prominent signal at 218 cm -1 can be assigned as the Fe-His stretching mode, which is normally observed at 200-220 cm -1 or at around 240 cm -1 for neutral imidazole and anionic imidazolate ligands, respectively (25) . The axial His of MhuD has neutral imidazole character as observed for axial His ligands in classical HO enzymes (22) .
His coordination was further examined by EPR. As shown in Fig. 4A , the nitric oxide ( 15 NO) complex of ferrous monoheme-MhuD exhibits an EPR spectrum typical for a hexacoordinated NO hemoprotein with rhombic symmetry (g 1 = 2.076, g 2 = 2.001, g 3 = 1.963).
The spectrum demonstrates that the doublet with a coupling constant of 3.1 mT is associated with the g 2 signal due to the 15 N nucleus (I = 1/2) of bound 15 NO. The triplet splitting with a coupling constant of 0.65 mT is associated with the 14 N nucleus (I = 1) of the axial ligand trans to bound NO (26) . This firmly establishes that the axial heme ligand of the monoheme complex is a nitrogenous base, likely an imidazole group of His. An Ala substitution of His75, an axial ligand of heme-II in the diheme-MhuD structure (Fig. 2D) , resulted in significant changes in light absorption spectrum of the monoheme complex (Fig. 4B) . The EPR spectrum of the NO-heme complex is also changed to that of typical pentacoordinated hemes, consistent with a loss of the axial His (Fig.  4A) . These results indicate that heme in the active MhuD form is coordinated by His75, as observed for His77 and His76 ligations in IsdG and IsdI, respectively ( Figs. 2A and B) .
While in the diheme-MhuD structure both heme molecules are essentially flat (Fig. 2D) , monoheme-MhuD is suggested to have ruffled heme.
The most commonly observed spectroscopic consequence of porphyrin nonplanarity is a red shift in the π-π* absorption bands in the UV-visible spectrum (27) . Absorption peaks, especially a visible peak, of the cyanide-bound ferric-IsdG is unusually red-shifted to 558 nm, while those of rat HO-1 and myoglobin (Mb) are observed at 536 and 540 nm, respectively (28) (29) (30) . The CN-bound monoheme-MhuD also exhibited a significant red-shift of the visible peak to 553 nm (Fig. 4B) , suggesting a highly distorted porphyrin ring.
Heme degradation to a novel chromophoreAs reported earlier (16) , addition of NADPH and cytochrome P450 reductase (CPR) to monoheme-MhuD results in a loss of the Soret absorption around 400 nm, indicating progression of heme breakdown (Fig. 5A) . A concomitant increase in the absorption around 550 nm suggests accumulation of heme-derived pigment(s). The His75Ala variant of MhuD is inactive, as only a limited decrease of the Soret absorption is observed (Fig. 5B) (16) . Fig. 5B also shows that replacement of an Asn residue close to the heme-I site (Asn7) by Ala diminishes enzymatic activity of MhuD. Since these two residues (His77 and Asn7 in IsdG) have also been shown to be indispensable for the IsdG catalysis (31), this would suggest that the active site structure of monoheme-MhuD is similar to that of IsdG.
HPLC analysis of the MhuD reaction product reveals two main peaks having similar absorption spectra while biliverdin IXα elutes as a single peak at a different retention time (Figs. 5C and D) . In the high resolution ESI-MS analysis (positive mode), the first and second peaks give essentially the same mass numbers, 611.2500 and 611.2505, respectively (Fig. 6A) (Fig. 5D) . We designate these novel catabolites as "mycobilin"; mycobilin-a and mycobilin-b for the pigments eluted at 40 and 45 min, respectively.
Implications from the molecular formula of mycobilin-The molecular formula of mycobilins in comparison with those of heme, staphylobilins, biliverdin and its reduced form, bilirubin, provides two important implications ( Table 1 ). The first implication from the total number of oxygen atoms in mycobilin suggests incorporation of three oxygen atoms during MhuD catalysis. The three oxygen incorporation has been shown for staphylobilin formation in contrast to the two oxygen addition in biliverdin production (Fig. 1) . Although heme degradation by MhuD in the presence of 18 O 2 resulted in a mass increase of four, indicating addition of only two oxygen atoms, one more oxygen atom was found to be exchangeable with a water oxygen atom (Figs. 6B and C). The molecular mass of mycobilin was increased to 617.25, when mycobilin produced under 18 O 2 was also incubated in H 2 18 O. These results suggest that mycobilin has a similar structure to staphylobilin however it contains a unique functional group with an exchangeable oxygen such as an aldehyde group.
The second implication from the total number of carbon atoms in mycobilin suggests that there is no formation of CO by the MhuD reaction. Heme degradation by canonical HO results in the decrease in the number of carbon atoms from 34 to 33 due to the liberation of one meso carbon atom as CO (Table 1) . A similar decrease is also observed for the S. aureus enzymes; however, mycobilin retains 34 carbon atoms, leading to the proposal that heme degradation by MhuD does not release CO (Table 1) . MhuD enzymatic CO liberation was assessed by using a H64L variant of Mb which has an extremely high CO affinity (19) . Fig. 5E shows the Soret region difference spectra of ferrous H64L Mb induced by CO generated in the single turnover heme degradation. The reaction solution for rat HO-1 exhibited a significant difference spectrum whose intensity accounts for nearly stoichiometric formation of CO. In contrast, essentially no spectral change was observed for MhuD, indicating the absence of CO in the reaction solution of MhuD. This is the first instance of enzymatic heme degradation without CO generation. Determination of mycobilin structure-1 H-NMR spectra reveal that mycobilin isomers retain all the substituents on the porphyrin ring (four methyl, two vinyl, and two propionate groups) ( Table 2 , supplemental Figs. S2A and S3A). As in staphylobilin, only two meso-protons were observed for the mycobilin isomers, indicating heme cleavage at one meso position and oxidative modification at another meso carbon. A striking feature, that differentiates mycobilin from staphylobilin, is additional signals at 9.58 ppm ( Table 2) . Each of these signals exhibits a correlation with a 13 C signal at ~181 ppm in the HSQC spectra (Table 2 , supplemental Figs. S2D and S3D), and are assigned as aldehyde protons. A NOESY experiment on mycobilin-a successfully determined its structure (Figs. 7A and C). The two meso protons of mycobilin-a are assigned as γ-and δ-meso protons based on their correlations with four methylene groups of the propionates (C8 and C12) or two methyl groups (C13 and C17), respectively. The aldehyde group should be at the C1 position considering its correlation with the C2 methyl. Furthermore, an HMBC correlation from a vinyl proton at C18 suggests a carbonyl moiety at C19 (Table 2 and supplemental Fig. S2E ), leading to a clear conclusion that the ring cleavage occurs at the α-meso position. The remaining C5 carbon lacks any proton signals and any correlations from neighboring protons, consistent with a bridging carbonyl structure as also expected from the MS analysis.
All COSY, NOESY and HMBC correlations observed for mycobilin-a are depicted in supplemental Figs. S1A and B. A very similar structure was revealed for mycobilin-b (Fig. 7B,  supplemental Figs. S1C and S3); the ring cleavage at the α-meso position, an aldehyde group at C19 and oxidative modification at δ-meso position. Mycobilin-b is a regioisomer of mycobilin-a whose aldehyde and carbonyl groups are superimposable with each other by rotating the heme plane about the α-γ axis.
DISCUSSION
In this study, we have discovered that MhuD catalyzes the heme degradation by an unconventional mechanism that may be promoted by the unique heme environment of the M. tuberculosis enzyme. The flexible active site of MhuD allows the unusual diheme binding with a more opened conformation compared to those of IsdG and IsdI (Fig. 2) (16) . Our spectroscopic data shows that His75 close to the heme-II binding site is the heme axial ligand in catalytically active monoheme-MhuD (Figs. 3 and  4) . We also have found that Asn7 close to the heme-I site is indispensable for the catalytic activity of MhuD in spite of its large distance from the heme-II site (7.6 Å from the heme-II iron, Fig. 2D ).
These observations imply that monoheme-MhuD has a more compact conformation than its diheme complex, whereby heme is located at the heme-I site with His75 ligation. The proximal helices containing the axial ligand (yellow in Figs. 2A and B) are kinked in IsdG and IsdI to bring the proximal His closer to the distal Asn, while the extended proximal helix in MhuD (Fig. 2D ) appears to create a cavity that can accommodate a second heme.
In monoheme-MhuD, structural changes at the heme proximal side could allow heme binding at the heme-I site with His75 coordination. The heme-I site is almost superimposable with the binding sites of ruffled hemes in IsdG and IsdI (Figs. 2 and 8) . Furthermore, heme ruffling is suggested for monoheme-MhuD by its unusual red-shift of the visible absorption peak of ferric-CN MhuD. On the basis of these findings, we conclude that the active site structure of monoheme-MhuD is similar to that of IsdG and IsdI (Fig. 2) .
In spite of the structural similarity to IsdG and IsdI, MhuD produces a novel heme catabolite, mycobilin, which is distinct from biliverdin and staphylobilin. Mycobilin retains the meso carbon atom at the ring cleavage site as the aldehyde group (Fig. 7) . Consequently, CO is not released in the MhuD catalysis as corroborated by the CO trapping experiments using the Mb variant (Fig.  5E ). This unprecedented heme degradation by MhuD must proceed by a unique reaction mechanism.
Although similar ring cleavage generating the aldehyde and carbonyl terminals is known for ring opening of pheide a in chlorophyll catabolism, this reaction proceeds through oxidation of metal-free pheide a by a non-heme iron monooxygenase (32) .
This reaction mechanism is different from the self-oxygen activation at the central iron of hemes in MhuD and HO enzymes.
In canonical HO catalysis, three successive oxygenations convert heme into biliverdin, and CO is generated at the second step, meso-hydroxyheme to verdoheme (Fig. 9) (5,6) . Apparent absence of CO formation indicates that the MhuD catalysis does not involve verdoheme, which is the key intermediate of ring cleavage by HO. Although the ring opening mechanism of verdoheme has been elucidated in HO enzymes (6, (33) (34) (35) , essentially no mechanistic information is available for ring cleavage not via the verdoheme species.
meso-Hydroxyheme has a radical character to promote the reaction with dioxygen (5). As a consequence, the hydroxyheme conversion to verdoheme does not require assistance by the HO enzyme (36) . Thus, it is likely that MhuD drastically changes the nature of hydroxyheme not to afford verdoheme and CO (Fig. 9) . The ruffling of hydroxyheme is suggested to modulate its reactivity through its large steric distortion and/or by changing its electronic configuration. The latter on the ferric heme iron is proposed to increase susceptibility of the meso-carbon to oxidative attack (29) . This ruffling-mediated product change appears to contradict the staphylobilin formation in S. aureus IsdG and IsdI in which one meso carbon is postulated to be liberated as CO (13) . However, CO release accompanied by staphylobilin formation has not been experimentally assessed for either S. aureus enzyme.
MhuD shows distinct regioselectivity in ring cleavage and oxidative modification.
In staphylobilin, the macrocycle is cleaved either at β-or δ-meso position (Fig. 1) . The meso carbon diagonal to the cleavage site is also oxidized to have a carbonyl group at the δ-or β-meso position. This diagonal oxidation has been rationalized by heme ruffling, which places β-and δ-meso carbons proximal to a terminal oxygen atom of the putative iron-dioxygen reactive species (13) . In contrast, MhuD cleaves the macrocycle exclusively at the α-meso carbon (Fig. 7) . This may be due to a different conformation of heme bound to MhuD compared to IsdG and IsdI, whereby heme is rotated about the heme normal. The heme-I in diheme-MhuD is rotated approximately 90° compared to the heme in IsdI and the heme-II in diheme-MhuD (Figs. 2 and 8) . The heme in active monoheme-MhuD is likely to be rotated as observed for heme-I in the diheme complex. Ruffling of the rotated heme would elevate the α-and γ-meso carbon, consistent with the α-selective ring cleavage in monoheme-MhuD. In contrast to IsdG, the ring oxidation by MhuD occurs either at the adjacent β-or δ-meso carbon but not at the diagonal γ-meso carbon (Fig. 7) . Thus, the regioselectivity of MhuD cannot be explained solely by the proximity effect imposed by heme ruffling. Distal residues may provide a steric barrier to the γ-meso carbon and/or direct the reactive iron-dioxygen species toward the α-meso carbon to be oxidized.
Heme degradation in bacterial systems has been shown to be important for the iron acquisition from host heme (7) (8) (9) .
Other biological functions have never been identified for these bacterial enzymes including HO-and IsdG-type enzymes. This is in contrast to the mammalian HO system where CO is utilized as a physiological messenger molecule, and bilirubin, a reduced form of biliverdin, serves as a potent antioxidant (1, 2, 37) . No CO liberation by MhuD could have biological significance for M. tuberculosis. The genetic response of M. tuberculosis to hypoxia, NO and CO is controlled by the two-component sensory (Dos) system and results in activation of the dormancy regulon (38) , where mycobacteria enter a non-replicating state. The Dos system contains two sensor histidine kinases DosS and DosT (both of which have heme co-factor GAF domains that bind gaseous host molecules) and the cognate response regulator DosR (39) . When CO binds preferentially to DosS (40) , it triggers the mycobacterial dormancy regulon (40, 41) .
Furthermore, it has been demonstrated that host CO is produced by the upregulation of HO-1 in macrophages during mycobacterial infection (41) . Thus, one may speculate that M. tuberculosis and perhaps other pathogenic bacteria, have evolved a mechanism for heme degradation that does not generate CO so that it may adapt and respond to changes in the host immune status through CO sensing, and with respect to M. tuberculosis, so that it does not induce a latent state upon itself. While possible functions of mycobilin as well as staphylobilin are yet to be examined, these product variations may be a major reason for a group of the bacterial species to prefer the IsdG-type enzyme over the HO-type enzyme for heme degradation. In order to clarify the biological functions, more extensive product analysis is required for the IsdG-type enzymes.
In summary, we have discovered that MhuD from M. tuberculosis catalyzes heme degradation without generating CO. This finding indicates the presence of an alternative heme degradation pathway which is fundamentally distinct from that established for canonical HO. Elucidation of this novel mechanism of MhuD is crucial to understand functionality of the IsdG-type enzymes, and possibly, the relationship of this unique oxygen activation with heme ruffling. Further studies will generalize the product variations between the IsdG-and HO-type enzymes. While the hydroxyheme formation is also postulated for MhuD catalysis, its reactivity appears to be drastically modified by the heme ruffling to cleave its macrocycle not through the verdoheme intermediate. 
